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A laboratory x-ray absorption spectrometer is described which consists of a Johansson-cut bent 
crystal, a rotating anode x-ray generator, and a fast SSD (solid-state detector). Because the SSD 
can completely discriminate the undesired reflections, contamination of the harmonics is avoided 
while maintaining a high-source voltage necessary for strong x-ray flux. Fast electronics 
equipment is employed to keep up with high-x-ray intensity. It is also possible to utilize higher-
order reflections for high resolving power. The data of quality comparable to those obtained at 
synchrotron radiation facilities can be obtained in a comparable period of time. In addition, the 
determination of the absolute absorbance as defined is possible, which makes the problem of the 
background subtraction in EXAFS analysis easy. 
PACS numbers: 07.85. + n, 82.80.Di 
INTRODUCTION 
Extended x-ray absorption fine structure (EXAFS) is now 
established as one of the important methods of structure 
analysis. 1-3 The outstanding feature of EXAFS is the ability 
to determine the structure of matters for which the conven-
tional x-ray diffraction method is not feasible. The examples 
for which EXAFS is best suited are solutions, biological ma-
terials, and noncrystalline solids such as supported catalyst. 
Another feature of EXAFS is that the local environment 
which is very close to a selected atomic species can be picked 
out while the diffraction method contains information on the 
whole system. 
Although EXAFS spectra have long been measured in 
laboratories, a surge of renewed interests on this technique in 
recent years is largely due to the advent of synchrotron radi-
ation (SR) x-ray sources. 4 ,5 Because SR can supply several 
orders of magnitude stronger x rays than the conventional 
sources, the time required to scan the whole region of inter-
est is reduced from days to within an hour at SR stations, and 
at the same time the accuracy has greatly improved. Because 
of the apparent advantages it is not an exaggeration to say 
that practically all the EXAFS spectra utilized for structural 
analysis of physical or chemical interest have recently been 
carried out by the use of SR. 
Since access to SR facilities is limited to a majority of 
workers, however, development of an EXAFS spectrometer 
in a laboratory has been eagerly desired. It is more preferable 
to have a reliable EXAFS spectrometer at hand for daily 
research, and it is indispensable to develop one if an indus-
trial application is planned. The advantages of a laboratory 
EXAFS facility have been well recognized and its develop-
ments have been discussed in detail at the Laboratory EX-
AFS Workshop held in the University of Washington. 6 Bent 
crystal monochromators7 ,8 and one-dimensional detec-
tors9 ,10 are usually employed in order to overcome weak 
source intensity available in laboratories. JUdging from the 
spectra reported in the literature, however, the spectrom-
eters above seem to have failed to supply spectra of enough 
quality for practical use. Very recently Khalid et al. II have 
reported a laboratory EXAFS system for catalyst study. In 
their system a curved crystal is used when intense flux of 
light is desired, and a combination of two flat crystals is used 
with the sacrifice of intensity when high resolution is re-
quired. The different movements of the components for the 
high-flux mode and for the high-resolution mode are 
achieved by four stepping motors controlled by a computer. 
We also have reported l2 that a simple conventional spec-
trometer with a flat crystal and a SSD (solid-state detector) 
can supply EXAFS spectra accurate enough for practical 
analysis, as long as the problems inherent to laboratory EX-
AFS measurements are properly taken care of, and applied it 
to the study of catalyst preparation procedures. 13 Although 
simple and easy to handle, the main inconvenience with the 
spectrometer with a flat crystal is in speed, It takes a full 24 h 
to cover the whole region of interest because of low-x-ray 
intensity. 
In this report a new spectrometer having a bent dispers-
ing crystal and a fast detection system with a SSD is de-
scribed. By the use of a bent crystal the intensity of x rays has 
increased over an order of magnitude, and the time required 
is reduced accordingly. Motions necessary for wavelength 
scanning are just two translations, easily controlled by a mi-
crocomputer. The spectrometer, combined with a SSD and 
fast electronics, can supply the EXAFS spectrum of compar-
able quality to that obtained at SR facilities within a few 
hours. High resolution is also achieved without any change 
by making use of the second harmonics, which is easily 
picked out by the SSD. Since the spectra by this system is 
completely free from the deterioration by the contaminated 
harmonics and the absolute absorbance can be measured as 
defined, it is in principle possible to obtain more accurate 
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EXAFS spectra than those obtained at SR facilities where 
ion chambers are usually employed as detectors. 
I. X-RAY SOURCE AND DISPERSING CRYSTAL 
The source used here is a rotating anode x-ray generator 
(Rigaku RU-200, 60 kV, 200 mAl with a focus size of 50 Jl. 
By choosing anode materials such as Mo, Ag, W, and Au 
characteristic lines from the anode material which may seri-
ously deform the spectra can be avoided. The intense charac-
teristic lines of tungsten, however, cannot be avoided, since it 
evaporates from the filament and sticks to the anode. As an 
example, the intensity distribution from a Mo anode is repre-
sented in Fig. 1 between 7 and 10 keY, where Fe, Co, Ni, Cu, 
and Zn have absorptions. Johansson-type ground and bent 
crystals of 20 X 50 mm2 in size made of Si (220, d = 1.92 A) 
and LiF (220, d = 1.424 A) were available from the Quartz 
and Silice Co., France. LiF has better reflectivity while Si 
gives better resolution especially used in the second-order 
reflection, as will be shown later. 
II. MONOCHROMATOR 
The geometry of the EXAFS monochromator is shown 
in Fig. 2. It is basically the same as the one reported previous-
ly by Cohen et al.,7.8 but the mechanical tracking system 
employed by them to fulfill the Bragg condition is replaced 
by two translational motions driven with stepping motors. 
The anode of the x-ray generator, the crystal, and the receiv-
ing slit are held on a Rowland circle with R = 320 mm by 
two bars and two leads. The two leads, L I and L2 , are set 
perpendicular to each other, and the anode is located above 
the intersection of the two. The crystal is held at one end of a 
bar of 2R in length oriented such that the crystal normal is 
directed parallel to the bar. Each end of the bar slides along 
the two leads. Grazing angle e can be varied by a screw 
motion using the stepping motor MI' The receiving slit 
moves along another lead L3, whose end is fixed to the crys-
tal center and allowed to rotate about that point. The receiv-
ing slit, a sample positioner, and the detector are placed on 
L3, which moves freely on the plane, floating above the base 
by an air bearing. The direction of L3 is determined by the 
position of the crystal and by a bar of R in length which 
connects the center of the first bar and the receiving slit. The 
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FIG. I. Relative x-ray intensity distribution from Mo anode between 7 and 
10 keV. Strong characteristic lines from impurities are observed. 
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FIG. 2. Schematic diagram of the EXAFS monochromator with a bent crys· 
tal. A:rotating anode; C:bent crystal; R:receiving slit; l:ion chamber; S:sam-
pIe positioner; D:detector; M's:pulse motors; L's: leads. 
slit is driven along L3 by the second stepping motor under 
the constraint that the angle between the two bars to be 2e, 
(e.g., the length between the anode and the crystal, rl , is kept 
the same as that between the crystal and the slit, r2 ). 
Because of the configuration employed, the motions re-
quired for scanning are just two translations, making control 
of the apparatus simple and reliable. An accurate as well as 
smooth translational motion without free play was attained 
by the use of a circulating ball linear bearing. The crystal can 
be aligned on a mount which is adjustable about the vertical 
as well as the horizontal axes, and along the direction of the 
crystal normal. An ion chamber can be placed behind the 
receiving slit for the case of the measurement by the ratio 
mode described in Sec. IV A. The wavelength A. is deter-
mined by the following equation: 
r==r l = r2 = nRA. /d = 2R sin e, 
where r l and r 2 are the distances between anode and the 
crystal, and the crystal and the slit, respectively, d is the 
lattice constant, and n is the order of diffraction. r's can be 
varied from 165 to 550 mm. Therefore, the spectral region 
covered is from 0.73 to 2.45 A, or from 0.99 to 3.3 A, by LiF 
(220) or by Si (220), respectively. The short-wavelength limit 
can be extended, however, either by the crystal with smaller 
d, or simply by making use of the second-order reflection. 
Since a step of the motor corresponds to 10 Jl, a scan as small 
as 0.2 eV is possible at 8 keY with LiF (220). The standard 
point is mechanically preset and the wavelength is calculated 
by the distance from the point. A count number of more than 
3 X lOS cps was obtained at 8 keY with slit width of 200 Jl 
when the x-ray source is operated to 20 kV and 100 mA, 
which is the regular condition for Cu EXAFS measurement. 
III. DETECTION SYSTEM 
Since high x-ray flux is available, the following are re-
quired for the detector and the detection electronics: (1) En-
ergy resolution in order to get rid of the harmonics. (2) Fast 
speed to minimize counting loss. The first is necessary to 
obtain an accurate absorbance. The second is especially im-
portant where the strong characteristic lines of tungsten al-
most always overlap, as is shown in Fig. 1. If the speed of the 
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FIG. 3. Schematic diagram of computer and detection system. 
detection system is not fast enough, counting loss makes a 
serious distortion to the spectrum. 
The detection system employed is schematically shown 
in Fig. 3. A SSD (Ortec GLP-2544O-S) modified for fast re-
sponse has been employed as a detector which satisfies the 
conditions above. Since the SSD can completely discrimi-
nate the undesired reflections, a high voltage can be applied 
to the anode, without worrying about the contamination of 
harmonics. Therefore, in addition to the high efficiency of 
the curved crystal monochromator, the use of a SSD makes 
it possible to have more intense x-ray flux. It also makes it 
easy to use higher-order reflections, if high resolution is re-
quired or when the high-energy region is of interest. The 
signal from the SSD is amplified by a fast amplifier ORTEC 
474 or 460. The former is faster, while the latter gives better 
resolution. The signal is then fed to two discriminator/scaler 
pairs. The threshold of the discriminators are set in such a 
way that one rejects only the noises and the other counts only 
the harmonics. The signal count is obtained as the difference 
of the two scalers. The speed of the SSD is especially required 
when the direct mode described below is employed, since the 
x-ray beam without attenuation by samples hits the detector. 
When the speed of the measurement is required or the 
absorbance is too high, a partially transmitting ion chamber 
is used to detect 10 , The ion chamber is filled with 300-Torr 
AI' and operated at 200 V. The current from the ion chamber 
which is typically of the order of 10- 12 A is detected by the 
Keithley 616c electrometer, changed to frequency by a V /F 
converter, and then fed to another scaler. Scalers and pulse 
motors were controlled by a microcomputer (SORD M223) 
through a CAMAC bus. Figure 4 shows the linearity of the 
detection system. The output ofthe ion chamber is plotted as 
a function of the source current and found to be linear in the 
range of 5 X 1O~ 13 to 2 X 10-- II A. Deviations from linearity 
was observed at a high-count rate for the signal from the 
SSD. The counting loss was found to be due to the speed of 
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FIG. 4. Count rate performance of the amplifiers used and the linearity of 
the ion chamber. Abscissa is the current of the anode. Solid circles and 
squares represent the observed counts, and open ones are the values correct-
ed by the use of 1/( 1 -~ NT), where T = 0.5 and 0.8 J.ls are used, respectively. 
the amplifier employed, not to the SSD itself. It becomes 
significant over count rates of about 6 X 104 cps when OR-
TEe 460 is used and over about 8 X 104 cps for ORTEC 474. 
The counting loss was found to be corrected up to about 
3 X 105 cps by 11( 1 -- NT), as is shown in Fig. 4, where N is 
the counts per sand T = 0.5 and 0.8J.ls were used for 474 and 
460, respectively. 
IV. MEASUREMENT OF EXAFS SPECTRA 
A. Modes of measurement 
There are two modes for the transmission EXAFS mea-
surement. The first one, which here is called the direct mode, 
measures I and 10' which are the x-ray intensities with the 
sample in and out of the beam at each data point. Absolute 
absorbance can be obtained as defined in this mode. The 
fluctuation of the beam intensity during the measurement is 
directly reflected to the SIN ratio in this mode. The fluctu-
ation of the source employed here was found to be about 
0.1 %. The second mode, which we here call the ratio mode, 
is more frequently employed in EXAFS measurement. In 
this mode a partially transmitting ion chamber is placed just 
ahead of the sample and a fully absorbing detector is behind 
the sample. Therefore, instead of getting I and 10 indepen-
dently, a value which is proportional to the ratio 10/1 can be 
obtained. Since the data is taken simultaneously, the ratio 
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mode is free from the power fluctuation, and the time re-
quired is the half of the direct mode. However, it is impossi-
ble to determine the absolute absorbance in this mode. In 
addition, it may make a systematic error in absorbance, as 
was pointed out,14.15 since the fraction of 10 sensed by the 
transmitting ion chamber varies with energy. Since the ion 
chamber does not have an ability to discriminate harmonics, 
another kind of error can be produced if the x-ray source is 
operated above the harmonics excitation voltage. Fortunate-
ly, the error was found to be smaller than anticipated, be-
cause the cross section of Ar atom at harmonics energy is 
about an order of magnitude smaller than that at the funda-
mental region. 
In the present system both modes are possible. In the 
direct mode the sample and the reference are placed at the 
edge of a round table, which is rotated by a pulse motor, 
putting the sample and the reference across the beam alter-
natively. I and 10 as defined are counted by the SSD. For the 
measurement by the ratio mode a partially transmitting ion 
chamber is placed between the exit slit and the sample. The 
output of the ion chamber and the SSD are counted and the 
ratio is calculated. 
B. Performance 
Since copper metal has widely been used as a standard 
sample,4.7.H.",'2.'4-'6 EXAFS spectra ofCu foil are shown in 
Fig. 5. The spectra were taken at room temperature by the 
use of LiF (220) reflection in 2 h and in 15 min. The direct 
mode was employed in the former in order to get accurate 
absorbance and the ratio mode was employed in the latter to 
reduce the time for the measurement. In the latter measure-
ment more than 3 X 105 cps were obtained as I at the absorp-
tion maximum with the receiving slit width of l00,u. In spite 
of the existence of the strong WLf31 line at 9.67 eV in this 
region, as is shown in Fig. 1, no glitch is observed in the 
spectrum, suggesting that detection electronics is fast 
enough to make no significant counting loss. The Fourier 
transform of the former spectrum is shown in Fig. 6. If com-
pared with the one taken at SR facilities, for example, Fig. 4 
of Ref. 14, it will be noticed that both are essentially the 
same, thus showing that the spectrometer described here is 
able to supply EXAFS spectra of comparable accuracy. 
Figure 7 shows the near-edge absorption spectrum of 
1. 
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FIG. 5. EXAFS spectrum of5-Il-thick Cu foil taken by the direct mode in 2 
h. Inserted is the one taken by the ratio mode in 15 min. 
1485 Rev. SCi.lnstrum., Vol. 54, No. 11, November 1983 
Cu FOIL 5u 
B R 
FIG. 6. Fourier transform of the data shown in Fig. 5. Phase shift is not 
taken into consideration. 
Cu foil in order to show the resolving power of the mono-
chromator. It was obtained in 5 h by the direct mode using 
Si(440) reflection with 100-,u slit width. Without any change, 
except for wavelength scanning, reflections of desired order 
can be picked out. A kink which is characteristic of high-
resolution copper absorption spectrum is evident, and the 
resolution is believed to be better than 2 eV. It is clear from 
the figure that the resolving power is good enough for the 
study of near-edge structure. 
With the increased intensity from the bent crystal mon-
ochromator, it is now possible to obtain EXAFS spectra of 
dilute samples by transmission. As an example, EXAFS 
spectrum of 50-mM/1 aqueous solution of K3Fe (CN)6 is 
shown in Fig, 8(a). A path length of2 mm was employed. An 
expanded oscillation near the edge is shown in Fig. 8(b) to 
show the SIN ratio. This spectrum was obtained by the ratio 
mode in 5 h. It will be possible to lower the concentration to 
some extent by spending longer hours. For extremely diluted 
samples, however, the transmission measurement must be 
replaced with fluorescence detection. It probably will be be-
yond the reach of laboratory equipment and SR facilities 
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FIG. 7. The near-edge absorption structure of Cu foil taken by the use of 
Si(440) reflection. 
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FIG. 8. (a) EXAFS spectrum of 50-mM aqueous solution of K3Fe (eN)6' (b) 
A portion of (a) near the absorption edge in an expanded scale. 
C. Comparison of the direct mode with the ratio 
mode 
Figures 9(a) and 9(b) show the raw spectra of Fe foil 
taken by the direct mode and by the ratio mode, respectively. 
Figure 9(a) was obtained in 5 hand 4X 106-12 X 106 counts 
were collected at each data point in 30 s. Figure 9(b) was 
obtained in 2.5 h. Figure 10 shows the extracted oscillations, 
where smooth background was assumed by iteratively ap-
plying the formula 
/l(i) = [/l(i - 1) + 2/l(i) + /l(i + 1)]14 
over the data points used. The amplitude of the oscillation is 
almost the same, in spite of the fact that the harmonics in-
cluded 10 when an ion chamber is used as 10 detector. It must 
be due to the insensitiveness of Ar gas to high-energy x rays, 
in addition to the low intensity of harmonics (less than 10%) 
under the operating condition of the source (20 k V, 100 rnA). 
It is observed from Fig. 9 that the slopes of the preedge 
absorption and the smooth background absorption are much 
steeper for the ratio mode than the direct one, although the 
extracted oscillations are almost the same. The apparent 
steep background absorption should be due to the energy 
dependence of the absorbance of the ion chamber. The 
steeper the slope is, the more error might be involved when 
the background absorption is subtracted. It is evidenced 




















FIG. 9. EXAFS spectra of Fe foil taken by the direct mode la) and by the 
ratio mode (b). Notice the difference in the background absorption. 
from the Fourier transforms of k 3X(k) shown in Fig. 11. It is 
noticed that both give very similar radial distributions. How-
ever, the ratio mode gives peaks at R < 2 A, which are physi-
cally unlikely, while the direct mode does not. It should be 
emphasized that the same procedures were followed for the 
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FIG. 10. Extracted oscillation of Fig. 9. Solid line:direct mode; dots:ratlO 
mode. 
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FIG. 11. Fourier transform of Fig. 10. Solid line:direct mode; dots:ratio 
mode. 
such as the elimination of the peaks at short distances by the 
inverse Fourier transform technique. It is clear from Fig. 11 
that the direct mode is superior to the ratio mode. Of course 
one can argue that the background subtraction employed 
here is too primitive and that a more sophisticated method 
for the extraction of the oscillation may result in a better 
radial distribution curve for the ratio mode also, but at least 
it can be said that the direct mode is less sensitive to the 
tricky problem of the background subtraction. 16 
Unfortunately, however, it is not always possible to employ 
the direct mode, because if the absorbance is too high, an 
intense x-ray beam must be used, making serious counting 
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errors especially during the counting period of 10 , In that 
case the ratio mode will give a better result. 
In conclusion, it will be possible to say that the spec-
trometer described here can supply EXAFS spectra of quali-
ty comparable to those obtained at SR facilities, and when 
the direct mode is applicable, it can supply more accurate 
data, because the absolute absorbance can be obtained as 
defined and also because the harmonics are completely eli-
minated for both 1 and 10 , 
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